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MinireviewBH3-Only Proteins—Essential Initiators
of Apoptotic Cell Death
The BH3-Only Protein Family
BH3-only proteins have proven difficult to identify in
searches of sequence databases because the BH3 re-
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gion is very short and poorly defined (Figure 1). Some
distantly BH3-related regions have been found in certain
mammalian proteins (e.g., Rad51) but the significance
Programmed cell death (apoptosis) serves to remove of this awaits confirmation by further functional studies
excess, damaged, or infected cells throughout the life- (e.g., gene knockout mice). Most “bona fide” mammalian
span of an organism. This process is critical for develop- BH3-only proteins were discovered in protein interaction
ment of all metazoans, and its dysregulation can elicit traps by binding to Bcl-2 or Bcl-xL, or in functionalmorphogenetic abnormalities and disease. Many com- assays. Noxa was cloned as a p53-inducible gene (Oda
ponents of the cell death machinery have been identified et al., 2000), even though the sequence of the human
in the past 15 years and their evolutionary conservation gene had been deposited in the publicly accessible da-
recognized through genetic and biochemical experi- tabases. We suspect that BH3-only proteins are present
ments in mammals, C. elegans, and D. melanogaster. in all metazoans, including Drosophila, and believe that
These studies have led to our current understanding of they, together with Bcl-2-like proteins, caspases and
the molecular mechanisms that control cell death. BH3- their adapters as well as inhibitors (IAP’s), form the core
only proteins (members of the Bcl-2 family that have cell death machinery.
only one of the Bcl-2 homology regions, BH3) have re- Genetic studies in C. elegans have shown that defi-
cently been recognized as essential initiators of apopto- ciency of the BH3-only protein EGL-1 impedes develop-
sis, and this minireview focuses on their function. mentally programmed death of somatic cells to a similar
Initiation of Apoptosis extent, as does loss of the CED-3 caspase or its adaptor
The morphological and biochemical features of apopto- CED-4 (Conradt and Horvitz, 1998). Also, it has become
sis result from cellular degradation precipitated by intra- clear that BH3-only proteins play a critical role in mam-
cellular cysteine proteases (caspases), which cleave malian development. A significant number of Bim-defi-
substrates after specific aspartate residues. These pro- cient mice, and even some of the bim1/2 animals, die
teases are present in healthy cells as zymogens with in utero prior to E9.5 for unknown reasons (Bouillet et
low, yet significant, enzymatic activity. In response to al., 1999). As mammals have at least seven BH3-only
apoptotic signals, they become fully activated through proteins, it is likely that individual family members are
adaptor protein-mediated aggregation, which facilitates critical for the initiation of distinct developmentally pro-
autocatalytic processing, or through proteolysis by grammed cell deaths. Expression of Hrk/DP5 is induced
other caspases already activated. in damaged or stressed neurons (Imaizumi et al., 1999),
Genetic and biochemical experiments have revealed so it may be involved in removing superfluous neurons
that many, but not all, of the signals leading to caspase during development. Bid is activated in apoptosis of
activation are regulated by the Bcl-2 protein family (for hepatocytes and fibroblasts induced by ligation of Fas
recent reviews, see Gross et al., 1999; Strasser et al., (Yin et al., 1999) and related members of the TNF recep-
2000). Mammalian Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1, and tor family that trigger cell death. Mice lacking the RelA
CED-9, the structural and functional homolog in C. ele- (p65) NF-kB transcription factor die around E14.5 due
gans, all promote cell survival. They share 3 or 4 regions to excessive hepatocyte apoptosis mediated by TNF/
of sequence similarity, the BH domains 1–4. Mammalian TNF-R1 signaling. If Bid is essential for such develop-
Bax, Bak, Bok, and D. melanogaster DEBCL/DROB (Co- mental “death receptor”–induced apoptosis, then the
lussi et al., 2000) are related to Bcl-2 at BH1–3, but embryonic lethality observed in relA2/2 mice should be
rescued by Bid deficiency.instead promote cell death. A second sub-class of pro-
Regulation of BH3-Only Proteinsapoptotic Bcl-2 family members, the BH3-only pro-
The pro-apoptotic activity of BH3-only proteins is keptteins—mammalian Bad, Bik, Blk, Hrk/DP5, Bid, Bim,
in check by transcriptional and posttranslational mecha-Noxa, and C. elegans EGL-1—share amino acid se-
nisms to prevent inappropriate cell death during devel-quence similarity with Bcl-2 and each other only within
opment. EGL-1 was first discovered as a gain-of-func-the short (9–16 amino acid) BH3 domain (Figure 1). The
tion (gf) mutation that causes inappropriate death of aamphipathic helix formed by the BH3 domain (and
group of neurons required for egg-laying in hermaphro-neighboring residues) of BH3-only proteins and Bax-like
dites. These hermaphrodite specific neurons (HSNs)proteins bind to a hydrophobic groove on the surface
normally die only in males, where they are superfluous.of the anti-apoptotic Bcl-2 family members (Fesik, 2000).
The egl-1 coding region was found to be normal in egl-Bid can also interact with Bax and Bak (Wei et al., 2000),
1(gf) mutant worms, but a point mutation in a regulatorysuggesting that some BH3-only proteins can promote
site abrogated binding of the zinc finger transcriptionapoptosis by two mechanisms: inactivating Bcl-2-like
factor TRA-1A (Conradt and Horvitz, 1999), which alsoproteins by direct binding or by (direct or possibly indi-
regulates expression of several other gender dimorphicrect) modification of Bax-like molecules.
genes. Thus, expression of EGL-1 in HSNs is normally
repressed by TRA-1A in hermaphrodites, but not in
males. The egl-1 gf mutation does not cause inappropri-E-mail: huang_d@wehi.edu.au or strasser@wehi.edu.au
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Figure 1. Alignment of Some BH3 Domains
(A) Overall domain structure of Bcl-2-related proteins. The Bcl-2 homology (BH) regions are boxed, and the hydrophobic C termini, present
in most family members, is hatched.
(B) BH3 regions of Bcl-2 family members from C. elegans (ce), D. melanogaster (dm), mouse (mm), or human (hs). The BH3-containing regions
were aligned using the GCG “PILEUP” program. Identical or very similar (K and R, D and E, V and I, and M and L) present in most of the
proteins are shaded in black, while less conserved residues are shaded in gray. The residues likely to be important for interaction with pro-
survival Bcl-2 proteins are indicated by the asterisk.
(C) Based on the published structures of the BH3 domain of the Bak BH3 peptide and that of mouse Bid (Fesik, 2000) the structure of the
BH3 region of Bim has been modeled using InsightII software. The likely interacting hydrophobic residues face downward in the orientations
shown.
ate death of other cell types, indicating that EGL-1 can of these regulate Bad under physiological conditions
(Gross et al., 1999). Bim, on the other hand, is seques-also be regulated by factors other than TRA-1A. CES-2
and CES-1 are candidate transcriptional regulators of tered to microtubular complexes by binding to dynein
light chain LC8, a component of the dynein motor com-EGL-1, because a group of pharyngeal neurons survive
inappropriately in ces-2 loss-of-function (lf) mutants and plex (Puthalakath et al., 1999). Growth factor deprivation
ces-1(gf) mutants. CES-2 belongs to the PAR family of
bZIP transcription factors and kills cells by repressing
CES-1. CES-1, a Snail family zinc finger protein (Metzstein
and Horvitz, 1999), acts upstream of CED-9, possibly
by repressing EGL-1. Since TRA-1A and CES-1 only
regulate EGL-1 in some cells, alternative mechanisms
must regulate EGL-1 in other cell types (Figure 2). Pro-
apoptotic activity of at least some mammalian BH3-only
proteins is also subject to transcriptional control. As
mentioned above, Noxa was identified as a BH3-only
protein whose expression is induced by p53 or IRF-1
(Oda et al., 2000). Although proof must await generation
of Noxa-deficient mice, it is an attractive candidate for
initiating p53-transduced apoptosis activated by DNA
damage or anoxia. Another mammalian BH3-only pro-
tein under transcriptional control is DP5/Hrk, which is
activated when neurons are deprived of growth factors
or exposed to b-amyloid protein (Imaizumi et al., 1999).
Many other BH3-only proteins are present in healthy
cells in a dormant form and activated by posttransla- Figure 2. Model for the Activity of BH3-Only Proteins
tional modifications. Signals from certain growth factors In C. elegans, EGL-1 is the sole initiator of the apoptosis signaling
pathway identified so far. In mammals, a family of BH3-only proteinsresult in phosphorylation of Bad at multiple sites and
initiate the signaling cascade by sensing specific damage to thesequestration of modified Bad away from anti-apoptotic
cells. Once activated, they are released to neutralize Bcl-2 or itsBcl-2 family members by binding to 14-3-3 scaffold pro-
homologs. Some, like Bid, may function to amplify signals from theteins. Many kinases (protein kinase B/AKT/RAC, mito-
death receptors or from other cell death inducers. Each mammalian
chondrial-anchored protein kinase A, Pak1, Rsk, and BH3-only protein may sense specific insult to the cell and are also
Raf1) and the phosphatase calcineurin have been re- likely to be activated in a cell-type-specific manner. The asterisks
indicate those interactions that are unlikely to be direct.ported to modify Bad, but it is presently unclear which
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and certain other apoptotic stimuli result in the release typic interaction of their CARDs (caspase recruitment
domains) to promote autocatalytic activation of CED-3of Bad from 14-3-3 and Bim (still bound to LC8) from
the dynein motor complex. The freed pro-apoptotic mol- (Chen et al., 2000). Human Bcl-2 can substitute for
CED-9 in C. elegans. Hence, it is an attractive model thatecules can translocate to intracellular membranes,
where they bind to and neutralize Bcl-2 or its anti-apo- Bcl-2 directly inactivates a mammalian CED-4 homolog
and that mammalian BH3-only proteins initiate apopto-ptotic homologs. Since 14-3-3 and LC8 are in vast ex-
cess over Bad and Bim in cells, it seems unlikely that sis by binding to and blocking Bcl-2.
Mammalian cells express several counterparts of14-3-3 and LC8 are themselves regulated by the BH3-
only proteins. By being bound to these essential and each class of these cell death regulators and have more
elaborate apoptosis signaling networks containing inde-evolutionarily highly conserved components that inter-
act with many proteins within the cell, BH3-only proteins pendent signaling pathways, amplification steps, and
components with overlapping functions. Partly becauseare ideally placed to act as stress sensors by monitoring
the integrity of different organelles and vital metabolic of this complexity, the biochemical actions of BH3-only
proteins and anti-apoptotic Bcl-2 family members inprocesses (Figure 2). Activation of Bad and Bim occurs
early during apoptosis in a caspase-independent man- mammalian cells remain unresolved. Indeed, the simple
model proposed for C. elegans is likely to be more elabo-ner (Puthalakath et al., 1999) and C. elegans EGL-1 func-
tions genetically upstream of the caspase CED-3 (Con- rate in mammals. Even though Apaf-1 is the sole recog-
nized mammalian CED-4 homolog, the two moleculesradt and Horvitz, 1998). It is therefore likely that these
BH3-only proteins initiate the caspase avalanche. By are structurally and biochemically rather dissimilar. We
therefore suspect that more closely related mammaliancontrast, another BH3-only protein Bid is a substrate of
caspases and granzyme B. In healthy cells, Bid is lo- CED-4 homologs exist. Unlike CED-4, Apaf-1 has 12 or
13 C-terminal WD40 repeats. As a consequence of thiscated in the cytosol, sequestered away from anti-apo-
ptotic Bcl-2 family members. Fas- or TNF-R1-induced difference, Apaf-1-requires cytochrome c for caspase-9
activation, whereas CED-4 activates CED-3 in the ab-activation of caspase-8 causes cleavage of Bid, re-
sulting in a pro-apoptotic C-terminal BH3-containing Bid sence of cytochrome c. Moreover, in contrast to CED-4,
Apaf-1 does not appear to bind to Bcl-2-like proteinsfragment translocating to intracellular sites where Bcl-2
resides. This indicates that Bid probably serves to am- (Hausmann et al., 2000). Proof that these molecules are
functionally homologous will require demonstration thatplify the caspase cascade rather than to initiate it (Yin
et al., 1999) (Figure 2). Apaf-1 can substitute for CED-4 in the worm.
Cytochrome c is released from mitochondria into theAlthough distinct transcription factors regulate the
death of different somatic cell types in C. elegans, all cytosol during apoptosis and this promotes Apaf-1-
mediated caspase-9 activation. BH3-only proteins andof these programmed cell deaths require EGL-1. By con-
trast, distinct BH3-only proteins, acting in a cell type– Bax-like proteins cause release of cytochrome c from
mitochondria into the cytosol, whereas Bcl-2 and Bcl-xLspecific manner, execute different death stimuli in mam-
mals (Figure 2). Bid acts downstream of caspase-8 as inhibit it. The structural resemblance of Bcl-xL and Bid
to pore-forming toxins was noted, and Bcl-2 familyan amplifier in death receptor signaling and plays a more
prominent role in hepatocytes than in lymphocytes (Yin members have also been shown to interact with certain
mitochondrial channel proteins. Collectively, these ob-et al., 1999). Noxa appears to be involved in DNA dam-
age–induced cell death (Oda et al., 2000). Bad has been servations led to a model in which certain death stimuli
initiate apoptosis by disrupting mitochondrial integrity,implicated in growth factor withdrawal–induced apopto-
sis, but proof for this awaits analysis of Bad-deficient release of cytochrome c, and only then, caspase activa-
tion. According to this model, Bax-like proteins promotemice. Bim is critical for normal homeostasis of lymphoid
and myeloid cells because it is essential for apoptosis mitochondrial membrane leakage and BH3-only pro-
teins are thought to do likewise, perhaps indirectly byinduced by cytokine withdrawal or deregulated calcium
flux. Thymocyte apoptosis induced by glucocorticoids interacting with Bax or Bak (Wei et al., 2000). Accord-
ingly, prosurvival Bcl-2 family members function insteadand phorbol esters is largely independent of Bim (Bouil-
let et al., 1999) and Bid (Yin et al., 1999). Since these to stabilize these membranes.
A Model for the Control of Apoptosis inpathways to apoptosis are efficiently blocked by Bcl-2,
we speculate that they are initiated by other BH3-only Mammalian Cells
We believe that these opposing views can be reconciled.protein(s) (Figure 2).
Activation of the Cell Death Effector Machinery The available data do not discriminate between the pos-
sibility that the release of apoptogenic factors from mito-by BH3-Only Proteins
It appears that somatic cells in C. elegans have only a chondria is the essential initiating event in apoptosis,
or that this serves as an amplification process withinsingle protein belonging to each class of critical cell
death regulators: the BH3-only protein EGL-1, the anti- the caspase cascade. It is noteworthy that physiological
death stimuli potently antagonized by Bcl-2 or Bcl-xL,apoptotic Bcl-2 homolog CED-9, the caspase CED-3,
and its adapter CED-4. In cells destined to survive, such as serum deprivation in embryonic stem cells, oc-
cur normally in the absence of Apaf-1 (Haraguchi et al.,CED-9 binds directly to the adaptor CED-4 and prevents
it from activating the CED-3 caspase. Programmed cell 2000). Similarly, cytochrome c deficiency affords fibro-
blasts only with a small degree of resistance (less thandeath is initiated when the BH3-only protein EGL-1 binds
to and inactivates CED-9. This frees CED-4 from seques- 2-fold) against serum withdrawal (Li et al., 2000). If cas-
pase-9, Apaf-1, and cytochrome c were the essentialtration by CED-9, allowing CED-4 to translocate to the
cytosolic aspect of the nuclear envelope. It is probably mediators of apoptosis, cells lacking these molecules
should be as resistant to death stimuli as those overex-at this location that CED-4 multimerizes CED-3 by homo-
Cell
842
Conradt, B., and Horvitz, H.R. (1998). Cell 93, 519–529.pressing Bcl-2. As this is not the case, we propose that
Conradt, B., and Horvitz, H.R. (1999). Cell 98, 317–327.mammalian Bcl-2-like proteins control the initiation of
Davidson, F.F., and Steller, H. (1998). Nature 391, 587–591.apoptosis by regulating upstream proteins, perhaps
through one (or several) elusive mammalian CED-4 ho- Fesik, S.W. (2000). Cell 103, 273–282.
molog(s) (Figure 2). We speculate that their activation Green, D.R., and Reed, J.C. (1998). Science 281, 1309–1311.
unleashes initiator caspases (in addition to caspase-9) Gross, A., McDonnell, J.M., and Korsmeyer, S.J. (1999). Genes Dev.
13, 1899–1911.and thereby initiates the downstream biochemical events
of apoptosis. Caspase-independent cell death path- Haraguchi, M., Torii, S., Matsuzawa, S., Xie, Z., Kitada, S., Krajewski,
S., Yoshida, H., Mak, T.W., and Reed, J.C. (2000). J. Exp. Med. 191,ways have been reported, and in some cases, they can
1709–1720.be inhibited by Bcl-2 (for a recent review, see Green
Hausmann, G., O’Reilly, L.A., van Driel, R., Beaumont, J.G., Strasser,and Reed, 1998). The interpretation of these studies is,
A., Adams, J.M., and Huang, D.C.S. (2000). J. Cell Biol. 149, 623–634.however, bedeviled by the poor membrane permeability
Imaizumi, K., Morihara, T., Mori, Y., Katayama, T., Tsuda, M., Furu-and short half-lives of synthetic caspase inhibitors used.
yama, T., Wanaka, A., Takeda, M., and Tohyama, M. (1999). J. Biol.
One could only be certain of the existence of caspase- Chem. 274, 7975–7981.
independent, physiologically relevant cell death path-
Li, K., Li, Y., Shelton, J.M., Richardson, J.A., Spencer, E., Chen, Z.J.,
ways by documenting this in animals that are lacking Wang, X., and Williams, R.S. (2000). Cell 101, 389–399.
these enzymes. Where such experiments have been Metzstein, M.M., and Horvitz, H.R. (1999). Mol. Cell 4, 309–319.
possible, it was found that all developmentally pro- Oda, E., Ohki, R., Murasawa, H., Nemoto, J., Shibue, T., Yamashita,
grammed cell death that is regulated by Bcl-2-like mole- T., Tokino, T., Taniguchi, T., and Tanaka, N. (2000). Science 288,
cules requires caspase activity (for a recent review, see 1053–1058.
Strasser et al., 2000). Puthalakath, H., Huang, D.C.S., O’Reilly, L.A., King, S.M., and Stras-
ser, A. (1999). Mol. Cell 3, 287–296.Whether mitochondrial membrane disruption is an es-
sential apical event in apoptosis or occurs as a conse- Strasser, A., O’Connor, L., and Dixit, V.M. (2000). Annu. Rev. Bio-
chem. 69, 217–245.quence of initiation of the caspase cascade, and
Wang, J.L., Liu, D., Zhang, Z.J., Shan, S., Han, X., Srinivasula, S.M.,whether caspases are essential for apoptosis has impli-
Croce, C.M., Alnemri, E.S., and Huang, Z. (2000). Proc. Natl. Acad.cations for the design of therapies to inhibit pathological
Sci. USA 97, 7124–7129.cell death. Caspase inhibitors should maintain long-term
Wei, M.C., Lindsten, T., Mootha, V.K., Weiler, S., Gross, A., Ashiya,cell survival and function only if mitochondrial mem-
M., Thompson, C.B., and Korsmeyer, S.J. (2000). Genes Dev. 14,brane disruption is a consequence of caspase activity,
2060–2071.
rather than the initiator. In the latter case, cells would run
Yin, X.-M., Wang, K., Gross, A., Zhao, Y., Zinkel, S., Klocke, B., Roth,
out of energy and be unable to sustain normal function. K.A., and Korsmeyer, S.J. (1999). Nature 400, 886–891.
Interestingly, blocking caspases prevents pathological
retinal cell degeneration in flies and rescues vision (Da-
vidson and Steller, 1998), indicating that in this case,
mitochondrial dysfunction is a consequence of, rather
than an initiating event in, apoptosis signaling.
BH3-Only Proteins in Disease
Overexpression of Bcl-2 can promote cancer or autoim-
munity and affect sensitivity of tumor cells to chemother-
apeutic drugs. Mutations in BH3-only proteins or their
regulators may therefore also be pathogenic. Indeed,
Bim deficiency causes a systemic lupus erythematosus
(SLE)-like autoimmune disease (Bouillet et al., 1999) and
may predispose to lymphomagenesis. It will be interest-
ing to see what diseases develop in mice lacking other
BH3-only proteins and to investigate whether abnormal-
ities in BH3-only proteins cause disease in humans.
Since these proteins are essential initiators of cell death
pathways, understanding their regulation may provide
novel therapeutic targets to prevent pathological cell
death. Inhibitors of BH3-only proteins may alleviate de-
generative disorders, whereas small molecule mimetics
may be used to kill cancer cells or self-antigen-specific
lymphocytes in autoimmune disease (Wang et al., 2000).
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